Nitrogen deposition to tropical forests is predicted to increase in future in many regions due to agricultural intensification. We conducted a seedling transplantation experiment in a tropical premontane forest in Ecuador with a locally abundant late-successional tree species (Pouteria torta, Sapotaceae) aimed at detecting species-specific responses to moderate N and P addition and to understand how increasing nutrient availability will affect regeneration. From locally collected seeds, 320 seedlings were produced and transplanted to the plots of the Ecuadorian Nutrient Manipulation Experiment (NUMEX) with three treatments (moderate N addition: 50 kg N ha −1 year −1 , moderate P addition: 10 kg P ha −1 year −1 and combined N and P addition) and a control (80 plants per treatment). After 12 months, mortality, relative growth rate, leaf nutrient content and leaf herbivory rate were measured. N and NP addition significantly increased the mortality rate (70 vs. 54% in the control). However, N and P addition also increased the diameter growth rate of the surviving seedlings. N and P addition did not alter foliar nutrient concentrations and leaf N:P ratio, but N addition decreased the leaf C:N ratio and increased SLA. P addition (but not N addition) resulted in higher leaf area loss to herbivore consumption and also shifted carbon allocation to root growth. This fertilization experiment with a common rainforest tree species conducted in old-growth forest shows that already moderate doses of added N and P are affecting seedling performance which most likely will have consequences for the competitive strength in the understory and the recruitment success of P. torta. Simultaneous increases in growth, herbivory and mortality rates make it difficult to assess the species' overall performance and predict how a future increase in nutrient deposition will alter the abundance of this species in the Andean tropical montane forests.
Nitrogen deposition to tropical forests is predicted to increase in future in many regions due to agricultural intensification. We conducted a seedling transplantation experiment in a tropical premontane forest in Ecuador with a locally abundant late-successional tree species (Pouteria torta, Sapotaceae) aimed at detecting species-specific responses to moderate N and P addition and to understand how increasing nutrient availability will affect regeneration. From locally collected seeds, 320 seedlings were produced and transplanted to the plots of the Ecuadorian Nutrient Manipulation Experiment (NUMEX) with three treatments (moderate N addition: 50 kg N ha −1 year −1 , moderate P addition: 10 kg P ha −1 year −1 and combined N and P addition) and a control (80 plants per treatment). After 12 months, mortality, relative growth rate, leaf nutrient content and leaf herbivory rate were measured. N and NP addition significantly increased the mortality rate (70 vs. 54% in the control). However, N and P addition also increased the diameter growth rate of the surviving seedlings. N and P addition did not alter foliar nutrient concentrations and leaf N:P ratio, but N addition decreased the leaf C:N ratio and increased SLA. P addition (but not N addition) resulted in higher leaf area loss to herbivore consumption and also shifted carbon allocation to root growth. This fertilization experiment with a common rainforest tree species conducted in old-growth forest shows that already moderate doses of added N and P are affecting seedling performance which most likely will have consequences for the competitive strength in the understory and the recruitment success of P. torta. Simultaneous increases in growth, herbivory and mortality rates make it difficult to assess the species' overall performance and predict how a future increase in nutrient deposition will alter the abundance of this species in the Andean tropical montane forests.
INTRODUCTION
Phosphorus (P) and nitrogen (N) are supposed to limit stand productivity in the majority of terrestrial ecosystems as well as in tropical forests (Tanner et al., 1998; Elser et al., 2007; Vitousek et al., 2010; Harpole et al., 2011; Homeier et al., 2012) . Anthropogenic influences have modified natural nutrient availability worldwide by pollutants released to the atmosphere and the resulting increased deposition to soils. It is expected that increasing nutrient deposition has the potential to alter the dynamics of tropical forest ecosystems causing structural and compositional changes of the plant communities in response to modified availability of limiting elements (e.g., Lewis and Tanner, 2000; Homeier et al., 2012) .
Nutrient effects on tropical forests largely depend on the local conditions; factors such as temperature, precipitation, soil type and pedogenesis, and local biota determine overall nutrient availability at a specific site and if an element is limiting plant growth. Thus, for example tropical lowland rainforests growing on old, highly weathered soils under humid conditions at high temperatures are most likely to be P limited, whereas tropical montane forests that are typically exposed to a cooler and wetter climate most often grow on younger or rejuvenated soils where N is likely to limit plant growth (Tanner et al., 1998; Unger et al., 2010; Vitousek et al., 2010; Wolf et al., 2011; Fisher et al., 2013) . In general, terrestrial ecosystems in many cases seem to be limited by both N and P. Hence, addition of either N or P or of both elements is stimulating plant growth (Elser et al., 2007; Harpole et al., 2011) .
Since compositional shifts in communities of long-lived organisms like trees need decades to become visible, studies on mature trees will rarely provide information about future changes in forest dynamics caused by increased nutrient availability. In fact, seedlings of tropical rainforest trees have been found to respond more sensitively to changes in nutrient availability (e.g., Lawrence, 2003; Yavitt and Wright, 2008; Dent and Burslem, 2009; Andersen et al., 2010; Lu et al., 2010; Holste et al., 2011) due to the strong physiological dependence of this stage on resource availability in a highly competitive environment (Kitajima, 1996) .
It is known that processes affecting the seedling stage act as a strong selective filter controlling patterns of recruitment and are thereby influencing the future species composition of the forest (Swaine, 1996; Whitmore, 1996; Metz et al., 2008) . Therefore, it is crucial to understand the impact of changed nutrient availability at this stage of the life cycle. Several studies have used seedlings of locally abundant tropical tree species to study if these species are able to optimize their resource use after nutrient addition (e.g., Lawrence, 2001; Yavitt and Wright, 2008; Andersen et al., 2010; Pasquini and Santiago, 2012; Alvarez-Clare et al., 2013) and concluded that changes in establishment and growth rates might be considered as a key driver of structural changes of tree communities to altered nutrient availability.
Responses to changed nutrient availability likely will depend on the species' life strategy. Some species are expected to rapidly invest extra nutrients to increase growth especially under favorable light conditions, whereas others rather may store nutrients in their tissues (e.g., Huante et al., 1995b; Raaimakers and Lambers, 1996; Lawrence, 2003) . Biomass allocation varies, depending on how seedlings accumulate carbohydrates to aboveground tissues vs. root surface (Burslem et al., 1995; Wan Juliana et al., 2009) . Carbon gain and plant growth are highly dependent on leaf traits, in particular photosynthetic capacity and leaf area, which both tend to increase with nutrient addition (Burslem et al., 1995; Wan Juliana et al., 2009; Pasquini and Santiago, 2012) .
Large increases in nutrient availability, however, may also lead to a decrease in density and diversity of the seedling community by altering survival and establishment rates of a share of species because mortality could be altered by increased herbivory, e.g., as a consequence of N or P accumulation in leaf tissues (Andersen et al., 2010; Santiago et al., 2012) . In addition, seedling establishment might be impeded due to soil acidification (Lu et al., 2010) or due to modified competition with other species (Lawrence, 2001) .
To study the effects of increased nutrient availability on a locally abundant climax species, we took advantage of the ongoing nutrient manipulation experiment NUMEX in Ecuador. NUMEX was started in 2008 to study if and to what extent N and P limitation are controlling tropical montane forest functioning at three elevation levels (1000, 2000, and 3000 m) and to simulate the effects of future increasing nutrient availability from atmospheric deposition on different ecosystem processes. In southern Ecuador, nutrient deposition has been suggested to largely origin from extensive biomass burning occurring in the Amazon basin leading to increasing depositions of >10 kg N ha −1 in the last decade (Fabian et al., 2005; Wilcke et al., 2013) . The continued nutrient addition in this experiment had already shown effects on various belowground to aboveground compartments in the experiment's first years: Homeier et al. (2012) found in the common tree species a positive growth response after N (two out of four species), P (two out of four species) and N+P addition (three out of four species) and an increase of leaf litter production after N and NP addition suggesting that at 2000 m. a.s.l. N and P might be co-limiting. At the same site, Camenzind et al. (2014) detected changes in the abundance and species richness of arbuscular mycorrhizal fungi (AMF) after N and P addition. At 1000 m. a.s.l., four years of N and N+P addition (but not P addition alone) resulted in increased mineral N production and decreased microbial N retention and microbial biomass C and C:N ratio (Baldos et al., 2015) . N 2 O emissions were only increased during the first two years of N and NP addition (but not P addition alone), and P addition tended to reduce soil N cycling and to decrease N 2 O fluxes Müller et al., 2015) . Morevover, P (but not N) additions increased the amount of water stable soil macroaggregates, which play an important role for soil stability and nutrient cycling (Camenzind et al., submitted) . Krashevska et al. (2014) found that the decomposer system (microorganisms and saprophytic fungi) of the studied NUMEX plots responded to the changes in nutrient inputs concluding that at all elevations microorganisms were generally limited by N and saprophytic fungi also by P. In addition, P and N+P treatments increased the bioavailable inorganic P concentrations and decreased phosphatase activity (Dietrich et al., submitted) .
At the premontane study site at 1000 m. a.s.l. we found an average foliar N:P ratio of 28.0 in 80 unfertilized trees from 25 different plant families sampled at mid slope position (Homeier et al., unpublished data) . We assume that P is the prevailing limiting nutrient at this site, since according to Townsend et al. (2007) N:P ratios >16 suggest P-limitation. The two other NUMEX sites show also average foliar N:P ratios >16 (2000 m. a.s.l.: N:P ratio = 22.1, 78 trees from 31 plant families; 3000 m. a.s.l.: 26.0, 65, 16; Homeier et al., unpublished data) . Thus, the foliar N:P ratio does not indicate a shift to N limitation toward higher elevations.
To test the response of seedlings of the locally most abundant climax tree species Pouteria torta to continued nutrient addition, we transplanted 9-month-old seedlings to the NUMEX experimental plots at 1000 m. a.s.l. in 2011. Our investigation aimed to test how continued nutrient addition (a) will alter mortality and growth rates in seedlings, (b) whether leaf morphology, folivory, and foliar nutrient concentrations will indicate changed nutrient use (e.g., higher area loss and high foliar N concentration after N addition) and (c) how biomass partitioning to above and belowground organs will change as a response to extra nutrient availability.
We aimed to understand how N and P limitation are influencing seedling growth and vitality in this abundant species and how its dominant role in the forest might change under increasing nutrient deposition. Based on earlier findings on the nutrient response of shade-tolerant tropical tree seedlings, we hypothesized that Pouteria torta seedlings after being released from potential nutrient limitation would respond primarily by accumulating N and P in the biomass rather than by increasing its growth rate.
MATERIAL AND METHODS

Study Site
The study was conducted in Podocarpus National Park, southern Ecuador (province Zamora-Chinchipe), close to the Bombuscaro entrance (S 4 • 7 ′ , W 78 • 58 ′ ) in the transition zone between tropical lowlands and lower montane forests. Vegetation has been described as evergreen premontane forest with tree heights up to 40 m (Homeier et al., 2008) , but average stand height is between 20 and 25 m. Most abundant tree families are Fabaceae, Melastomataceae, Moraceae, Myristicaceae, Rubiaceae, and Sapotaceae; common tree species are Pouteria torta (Mart.) Radlk. (Sapotaceae) and Clarisia racemosa Ruiz & Pav. (Moraceae; Homeier et al., 2008 Homeier et al., , 2013 .
Mean annual temperature at the study site is around 20 • C and annual mean precipitation ∼2200 mm, without a clear seasonal pattern (Emck, 2007; Peters, unpublished data) . Soils are Dystric Cambisols developed from deeply-weathered granodioritic rock of the Jurassic Zamora granitoide formation (Wolf et al., 2011) . The mineral soil is covered by a thin layer of decomposing leaves (Ol layer) (Homeier et al., 2013) . Soil characteristics (means ± SE) of the mineral topsoil (0-5 cm) after 4 years of nutrient addition (April 2012) are summarized in Supplementary  Table 1 .
Study Species
The locally most abundant tree species of the old-growth forests at Bombuscaro, Pouteria torta subsp. glabra T. P. Penn., is a late successional shade-tolerant tree species (Wittich et al., 2015;  Homeier, own observations), accounting for 9.5% of the stems ≥ 10 cm dbh or about 69 stems ha −1 in the NUMEX plots. It reaches heights up to 30 m and about 50 cm stem diameter and its wood specific gravity is high with 0.79-0.87 g cm −3 (Homeier, unpublished data) . The species is widely distributed in the Neotropics from Colombia to the Guianas and in western South America to Bolivia. It is known to occur from the lowlands up to 1500 m. a.s.l. (Pennington, 2007) .
Experimental Design
The full-factorial Ecuadorian nutrient manipulation experiment (NUMEX) was set up at 990-1100 m.a.s.l. in a stratified random design which consists of four blocks with four treatments (control, N, P, and N+P addition) assigned to every block (16 experimental plots). Experimental plots (20×20 m) were installed in old-growth forest with closed canopy at mid slope position; the plots are separated from each other by at least 10 m-wide strips of untreated forest (Supplementary Figure 1) .
Fertilizations started in February 2008. Fertilizers are applied by hand to the experimental plots at rates of 50 kg N ha −1 (as urea) in the N treatment plots, or 10 kg P ha −1 (NaH 2 PO 4 ) in the P treatment plots, or 50 kg N and 10 kg P (NP treatment plots) applied in two portions per year (Homeier et al., 2013) . For the seedling experiment, four new subplots of 1 m 2 were randomly placed into each NUMEX experimental plot (64 subplots in total). Irradiance at the forest floor was quantified in every subplot with hemispherical photos (Nikon D5000 camera with 8 mm-fish eye lens) taken at the midpoint 1 m above ground under uniform sky conditions in 2012. Images were analyzed using Gap Light Analyzer 2.0 software (Frazer et al., 1999) . Light availability in the subplots indicated a mean canopy openness of 8.85 ± 4.1(SD) % with a range of 1.25-19.48%.
Seedlings of Pouteria torta were raised after a massive fruiting event that occurred in 2010. More than 400 seeds from about 15 trees were collected in September 2010 at the study site and sown in a greenhouse supplied by a local farmer. In June 2011, 320 seedlings were selected and transported to the study site. All seedlings were measured for total height and labeled before planting; mean initial height was 17.4 ± 4.9 (SE) cm ( Table 1) . At that time, there were no cotyledons left on the plants and seedlings had completely consumed the reserves stored in the seeds.
Five seedlings were assigned to each experimental subplot. Because of small differences in initial height, we classified seedlings into height categories before planting and then equally distributed them to the 64 subplots to ensure a similar seedling height distribution in each plot. Subplots were also cleaned from other tree seedlings and ground herbs to avoid root competition. Given are means and ranges (in parentheses).
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Once seedlings were planted, initial size characteristics were measured (stem height and basal diameter, leaf number, length, and width of the largest leaf). After 1 year, in May 2012, all surviving seedlings were carefully harvested after a final assessment of basal diameter and leaf area loss. We excavated all seedlings, removed all soil from the roots, and then separated the plants into root, stem and leaf fractions. Fresh leaves were scanned immediately after harvesting seedlings (color, 150 dpi) with a Cannon LIDE 1000 flatbed scanner. All seedling fractions were dried for 72 h at 60 • C and then transferred to Germany.
Leaf Analyses
The scanned images of the Pouteria leaves were analyzed using Win Folia 2005b software (Régent Intruments Inc., Quebec City, QC, Canada) to calculate total leaf area including damaged areas (hole area). Subsequently, images were manually adjusted by filling in missing leaf sections, to estimate the original leaf area prior to damage. Specific leaf area (SLA, cm 2 g −1 ) was calculated for each seedling by dividing the entire remaining leaf area of all leaves by its mass. Proportional leaf area loss was determined as an estimate of herbivory rate, the damage inflicted over the life span of the leaves with the following formula:
Leaf area loss (%) = damaged area (cm 2 )/total original leaf area(cm 2 )
Leaf length ratio and leaf width ratio were calculated by dividing the respective dimension of the biggest leaf at harvest and before planting to estimate changes in leaf dimensions during our experiment:
Leaf length ratio = final lamina length (cm)/initial lamina length (cm)
The leaf area ratio (LAR) was calculated as the amount of leaf area per unit of total plant mass.
Nutrient Analyses
We determined total N and C concentrations of the leaf mass with a C/N elemental analyzer (Vario EL III, Elementa, Hanau, Germany). Total P concentrations were analyzed using an Inductively Coupled Plasma Analyzer (Optima 5300DV ICP-OES, Perkin Elmer, Waltham, Massachusetts, USA) after digesting the leaf samples with concentrated HNO 3 . Nutrient analyses were conducted at the laboratory of the Department of Ecology and Ecosystems Research, University of Göttingen, Germany for all individual seedlings harvested at the end of the experiment.
Data Treatment and Statistical Analyses
Mortality rates were calculated from the proportion of dead individuals in the subplots (i.e., number of dead seedlings divided by seedlings planted). Effects of nutrients on mortality were tested with a generalized linear mixed model (GLMM) for a binomial distribution using counts of the dead individuals in a full factorial approach using the function "glmer" in the lme4 package with N and P as fixed effects and "block" as a random factor. Significance values were obtained after testing the model with the "cftest" function from the multcomp package (Hothorn et al., 2008) . This function calculates, in a univariate testing way, the p-values from estimated model coefficients obtained from a z-test. The relative stem diameter growth rate (RGR D ) was calculated from diameter measurements for the study interval as:
where d 2 represents the final diameter and d 1 the initial diameter, and t 1 -t 0 represents the time span between planting and harvesting dates. The mass fractions for leaves (LMF), stems (SMF) and roots (RMF) were calculated by relating organ mass to total plant mass for each seedling following Poorter et al. (2012) .
Data were transformed to reduce heteroscedasticity when required (log transformations for biomass ratios, leaf area and leaf nutrient contents and square root transformations for biomass, leaf fractions, and leaf area loss).
To test specifically how nutrients are influencing seedling performance, we used a full factorial linear mixed model (Zuur et al., 2009 ) with N and P as fixed effects using the "lme" function of the nlme package (Pinheiro et al., 2014) for all seedlings measured and harvested in 2012 (n = 124). For all parameters assessed (RGR D , SLA, leaf area loss, foliar N/P, and C/N ratio, root/shoot and root/leaf ratios, LAR, biomass fractions, foliar nutrient contents), canopy openness was evaluated first in order to check for interaction with fixed effects (treatment). Since it had no influence on the responses to nutrient addition, canopy openness was not included in the final models. In all models, we included "block" as a random factor.
All comparisons contrasted differences between treatments (N, P or interaction of N and P) with control. All analyses and figures were done with R 3.1.1 software (R Development Core Team, 2014) . Specific information about the structure of the fitted models all parameters analyzed is summarized in Supplementary  Table 2 .
RESULTS
Seedling Mortality and Growth
The seedlings suffered high mortality (Figure 1) ; only 124 (con = 37, N = 24, P = 39, NP = 24) of the initially planted 320 Pouteria torta seedlings survived the first year. On average, 54% (n = 43) of all seedlings in the control and 51% (n = 41) of those in the P treatment died. N fertilization increased seedling mortality significantly (p = 0.016) to 70% (n = 56) in both N treatments compared with the control ( Table 2) .
The relative diameter growth rate (RGR D ) of the surviving seedlings was 0.23 year −1 in the control subplots (Figure 2) . N fertilization (p = 0.006) and P fertilization (p = 0.021) significantly increased diameter growth by 30-50% compared to the control.
Leaf Properties and Herbivory
Leaf area showed no significant difference between treatments although largest leaves were found in the N and NP treatments ( Table 2) . Compared to the control, SLA showed a significant FIGURE 1 | Mean percentages of mortality in Pouteria torta seedlings observed during 1 year of exposure to moderate nutrient additions (2011) (2012) . Addition of N and of N + P resulted in a significantly higher mortality of the seedlings (p = 0.016).
increase of more than 40% after N addition (Figure 3 , Table 2 ). In addition, we observed higher leaf length and leaf width ratios after N addition, whereas leaves in the control and in the P addition plots did not increase their dimensions.
Seedlings grown in the P and NP treatments had highest leaf area losses compared with seedling in control plots indicating a stimulation of herbivory by P fertilization (Figure 3, Table 2 ).
Mass based foliar N and P concentrations were only weakly affected by the fertilization since we found only marginally higher foliar N after N addition, but the foliar C/N ratio was lowered (Figure 3) . Area-based foliar N and P concentrations were lower in the N treatment.
N and P foliar contents on a mass basis (i.e., total foliar nutrient content per plant) showed no differences between treatments. The mean values of foliar N/P ratios varied between the treatments from 15.9 in the control to 17.9 in the NP treatment.
Biomass Allocation
Across all treatments, Pouteria seedlings allocated most of their biomass to the roots (Table 2, Figure 4 ). P addition shifted allocation even more to roots as expressed by an increasing root mass fraction (P: 55%, NP: 56% vs. control: 51%) and a higher root/shoot ratio (P: 1.87, NP: 2.07 vs. control: 1.69). The direction of significant effects (compared to the control treatment) is indicated (±) (*p ≤ 0.05; **p ≤ 0.01).
The leaf mass fraction of the seedlings in the N treatments was significantly reduced (N: 12%, NP: 13% vs. control: 16%) and the stem mass fraction was higher after N addition (N: 0.35 vs.
FIGURE 2 | Relative diameter growth rates of Pouteria torta seedlings as a response to moderate nutrient addition. Single addition of N or P caused increased growth rates (N: p = 0.006; P: p = 0.021), interaction of both nutrients resulted in a smaller effect than when the elements were added alone (N × P: p = 0.017).
control: 0.32). Mean LAR was slightly but not significantly higher in the fertilized plots compared to the control.
DISCUSSION Seedling Mortality and Growth
During the life cycle of a tree, the seedling stage is the most vulnerable phase with susceptibility to physical harm (e.g., litterfall, trampling, herbivory, or pathogen attack) and carbohydrate shortage (Alvarez-Clare and Kitajima, 2007 Kitajima, , 2009 ). Seedling mortality is highly related to the plants' physical and physiological robustness to withstand adverse conditions in order to establish successfully (Kitajima and Fenner, 2000; AlvarezClare and Kitajima, 2007) .
Under natural forest conditions, seedling transplantation experiments in tropical forests commonly experience high mortality during the first 2 months after seedling transplantation (Eichhorn et al., 2006; Alvarez-Clare and Kitajima, 2009; Brenes-Arguedas et al., 2011) , which is mainly attributed to damage by herbivores and defoliation (Paine et al., 2012) . In our study, Pouteria torta experienced a high mortality of >50% in the first year after planting, although transplantation occurred 6 months after germination when we assumed that the seedlings already had reached a "robust" stage.
FIGURE 3 | Leaf morphology, leaf area loss and nutrient ratios of Pouteria torta seedlings after 1 year of experimental exposure to nutrient addition. (A) Specific leaf area (SLA) increased after N addition (p = 0.009), (B) the proportion of lost leaf area showed a significant increment after P addition (p = 0.020), (C) foliar N:P ratio was not affected in the treatments (dotted lines mark the range of N:P ratios indicating a balanced supply of both nutrients after Townsend et al., 2007) , and (D) leaf C:N ratio was decreased in the two N treatments (p = 0.024).
Frontiers in Earth Science | www.frontiersin.org The increase in mortality in the two N treatments is contrary to results of Vincent and Tanner (2013) who reported no reduction of survival rate in transplanted seedlings of two latesuccessional tree species after NPK addition in a Panamanian lowland forest. Since there was no significant change in soil pH in our plots after 4 years of nutrient addition (Supplementary  Table 1 ; Baldos et al., 2015) , we cannot argue with impeded seedling establishment by soil acidification as reported by Lu et al. (2010) .
In spite of the likely complex interaction among drivers of seedling growth under natural forest conditions, we found positive effects of either N or P addition on diameter growth of the surviving Pouteria seedlings. Both elements N and P are essential for photosynthesis, since ribulose 1-5-bisphosphate oxygenase/carboxylase (RuBisCO) protein accounts for ∼30% of leaf N, and P plays an important role in membrane solubility, ATP, and NADPH production (Marschner, 1995; Walker et al., 2014) . Since foliar N and P did not increase while SLA increased, an increase in photosynthetic rate cannot be the cause of higher productivity; rather, the (non-significant) increase in plant leaf area must have led to the higher productivity in the fertilized plants. Several other pot experiments with tropical tree seedling showed positive effects of N and/or P addition on growth as well but other studies reported no effects (see compilation in Lawrence, 2003) . In general, tree growth limitation by N and P strongly depends on specific site conditions and on co-limitation by other nutrients. Santiago et al. (2012) showed a 24% increase in relative height growth in naturally established tropical tree seedlings as a response to K addition and a smaller but also positive effect of combined long-term addition of N and P. Increased growth rates are probably the result of enhanced photosynthetic productivity as reported by Pasquini and Santiago (2012) for Alseis blackiana seedlings from the same tropical lowland forest in Panama.
Leaf Properties and Herbivory
Leaf properties are recognized as key traits in determining establishment and survival success of tree seedling under varying site conditions and they are usually a good indicator of potential growth rates. There is a strong trade-off between high leaf lifespan, high leaf toughness and low herbivory and low mortality on the one hand, and high foliar nutrient concentrations and fast growth rates on the other hand (e.g., Poorter and Bongers, 2006; Wright et al., 2010; Kitajima et al., 2013; Philipson et al., 2014) .
We observed a strong positive effect of N addition on SLA. Other studies reported a higher SLA in tropical tree seedlings after P addition (e.g., Burslem et al., 1995 : Antidesma cuspidatum in Singapore, Wan Juliana et al., 2009 : Lagerstroemia floribunda in Malaysia) or found no effect of fertilization on SLA : five shade-tolerant tree species). SLA is known to be a good predictor of growth rates in seedlings Westoby, 1999, 2000) , so the increased growth rates in the N treatments are not surprising. Strong effects of herbivory in the P treatments were probably masking an even larger productivity stimulation by the nutrient addition (especially in the NP treatment, where herbivory and also SLA were significantly increased compared to the control); a similar masking of growth increase by herbivory was shown by Andersen et al. (2010) for different palm species after N addition. Increased leaf damage through herbivory after P addition was also reported by Santiago et al. (2012) in Panama where the proportion of herbivory in seedlings was higher after P or K addition. Werner and Homeier (2015) found a positive correlation of eaten leaf area with both foliar N and P concentrations in a montane forest close to our study site. All these studies show that herbivore choice is strongly driven by resource quality (i.e., nutrient content and palatability of leaves). Hence, herbivory can play a fundamental role in structuring seedling communities by directly affecting the survival of plants or mediating responses to soil nutrient availability (e.g., Andersen et al., 2010; Eichhorn et al., 2010; Barton and Hanley, 2013) .
Leaf tissue N:P ratios of 15.9 in the control plots point at a balanced supply of both nutrients (Townsend et al., 2007) and after addition of N or P, Pouteria seedlings did not accumulate the respective nutrient in their leaves. This is contrary to the results of several studies that found an increase of foliar nutrient concentrations in shade-tolerant tree seedlings after fertilization (Burslem et al., 1995; Lawrence, 2003; Andersen et al., 2010; Santiago et al., 2012 ). It appears that improved nutrient availability induced higher nutrient uptake only at a rate proportional to the increase in growth rate, resulting in a dilution of the added nutrients by carbon and fairly stable foliar nutrient concentrations. Furthermore, Pouteria seedlings may store the added nutrients in stems or roots as investment in long-term survival. Such a strategy of late-successional species was reported by Raaimakers and Lambers (1996) for Lecythis corrugata seedlings in Guyana.
Biomass Allocation
The high root mass fraction of Pouteria seedlings compared to other shade-tolerant tropical tree seedlings (Burslem et al., 1995; Huante et al., 1995a; Wan Juliana et al., 2009 ) could be explained as an adaptation to generally low nutrient availability at the study site, as it was proven for our study site by the stimulation of tree root growth upon N and P (and also K) addition in the ingrowth core experiment of Graefe et al. (2010) . These results indicate that trees put high priority on the maximization of belowground resource acquisition at this site as also reported by Paz (2003) and Poorter et al. (2012) for other tropical forest.
Upon nutrient addition we expected a compensatory change in carbon allocation to aboveground tissues as a result of increased soil nutrient availability (e.g., Marschner, 1995; Poorter et al., 2012) , but surprisingly SMF was reduced and root:shoot ratio increased after P addition, and the root:leaf ratio was higher after N addition. In addition, LAR was not affected by nutrient addition. Enhanced C allocation to roots in a shade-tolerant species suggests that carbon and other elements are mainly stored in belowground organs to improve seedling survival under the very low light intensity at the forest floor of this stand (Raaimakers and Lambers, 1996) .
CONCLUSIONS
Foliar nutrient concentrations are apparently not a good indicator of nutrient limitation in the rainforest tree Pouteria torta, since nutrient addition did change neither N or P concentration nor the ratio of both nutrients. The species' high abundance in the forests is another indication that it is well-adapted to the current growing conditions at this site. Nevertheless, the shade-tolerant species was capable of responding to improved nutrient supply with higher seedling growth rates, if the plants were able to survive in the relatively dark and nutrient-poor environment. On the population level, however, it is difficult to make predictions on how a future increase in nutrient deposition will change the recruitment success of this species, because individual growth increases are associated by increased herbivory and higher mortality. In any case, the moderate addition of 50 kg N ha −1 and 10 kg P ha −1 has provoked a number of morphological and physiological responses that likely will alter the performance of this common tree species and will have consequences for the competition with other tree species. In further studies it would be interesting to investigate if the co-occurring tree species respond similarly to N and P addition or if currently less abundant species gain competitive strength thus indicating potential changes in the composition of future forests under increased nutrient deposition.
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